Background: Significant hemodynamic changes occur immediately after birth in preterm infants. Amplitudeintegrated electroencephalography (aEEG) provides a method of assessing brain activity in sick neonates; however, the relationship among systemic blood flow, blood pressure (BP), and aEEG is not clear. Methods: Quantitative measures of aEEG continuity and amplitude were correlated with superior vena cava (SVC) flow, right-ventricular output (RVO), and BP at 12, 24, and 48 h in 92 infants born at <29 wk gestation. results: SVC flow, RVO, BP, aEEG amplitude, and EEG continuity all increased from 12 to 48 h. SVC flow at 12 h, but not 24 or 48 h, was significantly associated with aEEG amplitude after adjustment for gestational age (GA) and severity of illness markers (r 2 = 0.21, P = 0.004). RVO and BP showed less consistent associations with aEEG parameters. Infants receiving inotropes at 12 h, including those in whom cardiovascular parameters had normalized, had significantly lower aEEG amplitude (P < 0.01) and EEG continuity at the 10, 25, and 50 μV levels (P < 0.01) at 12, 24, and 48 h than neonates who were not receiving inotropes. conclusion: aEEG measurements in the first 48 h of life are related to SVC flow and treatment with inotropes at 12 h of life in extremely preterm infants.
a mplitude-integrated electroencephalography (aEEG) is increasingly being used to assess encephalopathic fullterm infants, in whom persisting EEG discontinuity is associated with adverse neurodevelopmental outcome (1, 2) . The role of aEEG in preterm neonates is less certain. We have previously shown an association between low aEEG continuity and poor short-term outcome in extremely premature neonates (3); however, the acute effect of neonatal interventions and physiological parameters such as systemic blood flow and blood pressure (BP) on aEEG is still not clear. Interventional procedures undertaken in the first few days of life have been shown to affect aEEG recording, possibly through alteration in cerebral blood flow (CBF). Hellström-Westas et al. (4) investigated the effect of surfactant treatment on continuous aEEG recordings and found a short (<10 min) but significant decrease in cerebral activity in almost all the neonates immediately after the surfactant instillation, despite improved pulmonary function. Although a number of studies have assessed the relationship between hemodynamic parameters and CBF in neonates (5) (6) (7) (8) (9) (10) , few studies have assessed the relationship between hemodynamic parameters and aEEG in the first 48 h after birth (11, 12) .
Significant hemodynamic changes occur immediately after birth; these changes may affect cerebral circulation, neuronal activity, and neurodevelopmental outcome. A number of measures can be used to assess hemodynamic status and cardiac output in the neonate, including BP, right-ventricular output (RVO), left-ventricular output, and superior vena cava (SVC) flow (13, 14) . Low SVC flow in the first 24 h after birth has been associated with periventricular hemorrhage (15) and adverse neurodevelopmental outcome at 3 y of age (16) and may be a stronger predictor of adverse outcome than BP (16) .
The aEEG provides continuous monitoring of cerebral activity and can be used in most preterm infants (17) . There is a paucity of evidence looking at the effect of systemic blood flow on the electrocortical activity of extremely preterm infants as measured by aEEG (3, 10, 12) and EEG (11) in the first 48 h of life. The little information that is available is conflicting: some studies have found an association between abnormal aEEG activity and low cardiac output, specifically low RVO (12, 18) ; other studies do not show an association (3, 10, 11) . The aim of this study was to assess the associations between SVC flow, RVO, BP, and quantitative aEEG parameters in the first 48 h of life in infants born at 24-28 wk gestation.
RESULTS
A total of 92 infants were enrolled in the study: 28 infants born at 24-25 wk gestation and 64 infants born at 26-28 wk gestation. Six neonates died between 24 and 48 h. Satisfactory aEEG trace was available for 90 infants at 12 h, 88 infants at 24 h, and 75 infants at 48 h. Complete cardiovascular data were available for 90, 87, and 50 infants at 12, 24, and 48 h, Articles Shah et al.
respectively. Perinatal and clinical characteristics are shown in Table 1 . Only five infants were receiving sedation (morphine) and none were treated with muscle relaxants or anticonvulsants during the course of the study. At the time of initial assessment at 12 h, 12 (13%) infants had BP <25 mmHg, 12 (13%) infants had RVO ≤120 ml/kg/min, and 18 (20%) infants had SVC flow ≤45 ml/kg/min. Twenty-seven infants (29%) had one or more of these cardiovascular parameters below the normal range at 12 h of age (abnormal cardiovascular hemodynamics). At 24 h, only 9 (10%) infants had cardiovascular parameters below the normal range. Of the 32 infants who received dopamine/dobutamine for low BP or poor perfusion, 20 (62%) infants had commenced inotrope treatment before the first study assessment at 12 h. Eleven of these (55%) continued to have low SVC flow or low BP at 12 h, despite treatment with inotropes. Twelve infants commenced inotrope treatment after 12 h.
The mean blood flow (SVC and RVO), BP, aEEG amplitude, and EEG continuity all increased from 12 to 48 h (Friedman test, P < 0.001 for all analyses) (Tables 2 and 3) .
Hemodynamic Parameters and aEEG Amplitude and Continuity
On univariate regression analysis, there were significant correlations between blood flow (SVC and RVO) and BP measurements at 12 h and aEEG minimum and mean amplitude at 12 h (Figure 1 ). Associations were also found between aEEG parameters at 12 h, Apgar score at 1 min, and mechanical ventilation at 12 h. After adjustment for these factors and for gestational age (GA) in multiple regression analysis, SVC flow remained significantly associated with aEEG minimum, mean, and maximum amplitude at 12 h ( Infants with low SVC flows (≤45 ml/kg/min) at 12 h, had significantly lower minimum amplitude at 12 h (3.55 μV vs. 3.90 μV, P = 0.033), with a trend toward a slower rate of increase in aEEG amplitude by 48 h as compared with infants with normal SVC flows (Figure 2 ). There were no statistically significant associations between low SVC flow and EEG continuity or between low mean BP (<25 mm Hg) and any aEEG or EEG measures.
Subgroup Analysis: Infants Receiving Inotropes for Clinical Management
Infants who commenced inotropes treatment before 12 h of age for clinical management of low BP or poor perfusion had 
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Articles significantly lower mean, minimum, and maximum aEEG amplitude ( Figure 3 ) and significantly lower EEG continuity at the 10, 25, and 50 μV levels ( Figure 4 ) at 12, 24, and 48 h as compared with the neonates who were not receiving inotropes at 12 h (P < 0.01 for all ANOVAs). Significant differences were seen between neonates receiving inotropes at 12 h as compared with those who were not receiving inotropes, both for the subgroup group whose cardiovascular parameters had normalized (P < 0.05 for mean and median aEEG amplitude and EEG continuity at the 10 μV level at 12 h) and for those with continuing abnormal cardiovascular hemodynamic parameters (P < 0.01 for all measures of aEEG amplitude and EEG continuity at 12 h) (Figures 3 and 4) .
DISCUSSION
In this study of 92 extremely preterm infants (<29 wk GA), we found a significant association between SVC flow and aEEG amplitude at 12 h of life, but not at 24 or 48 h, after adjustment for GA and severity of illness markers. The association was no longer present at 24 or 48 h. Infants with low SVC flow (≤45 ml/ kg/min) had significantly lower minimum aEEG amplitude at 12 h and a trend toward a slower increase in amplitude over the first 48 h of life as compared with those with normal SVC flow at 12 h. Associations between RVO, BP, and aEEG measures were weaker and less consistent than for SVC flow. Infants receiving inotropes for clinical management of low BP or poor perfusion before 12 h of age had significantly lower aEEG Articles Shah et al.
amplitude and continuity at 12, 24, and 48 h, with differences persisting even among those neonates whose cardiovascular parameters were within the normal range at 12 h. Significant hemodynamic changes that occur immediately after birth may affect cerebral circulation, neuronal activity, and neurodevelopmental outcome (15, 16) . Consistent with the study by Osborn et al. (18) , infants in our study had decreased systemic blood flow and BP at 12 h as compared with later assessments, with 29% of the cohort identified as having one or more cardiovascular parameters below the normal range at 12 h. At the time of this nadir in blood flow, there was a significant correlation on linear regression analysis between cardiovascular factors and aEEG amplitude. With increasing SVC, RVO, and BP values at 24 and 48 h, the correlation between cardiovascular factors and aEEG was no longer present.
The association seen in this study between aEEG amplitude and cardiovascular measures at 12 h may represent a causal pathway, with low systemic blood flow, low BP, and poor autoregulation in the first 12 h of life resulting in low CBF and associated decrease in aEEG activity. Alternatively, the association may represent an indirect link, with infants experiencing low blood flow, low BP, and low aEEG amplitude due to a common underlying problem. For example, infants may have experienced an earlier physiological insult, resulting in both decreased neuronal activity and poor myocardial function.
Electroencephalographic activity is known to be associated with CBF, with EEG depression in adults occurring with blood flow <10 ml/100 g/min (19) , although the reduction in blood flow required to cause EEG depression in neonates is less certain (20) . The associations between systemic blood flow/BP 
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Articles and both CBF and EEG activity in neonates are more complex and are influenced not only by blood supply available to the brain but also by autoregulation mechanisms acting within the brain. Autoregulation may be inherently poorly developed in extremely premature infants, or may be impaired by an early hypotensive or ischemic insult (21) . Several studies have assessed the relationship between BP or systemic blood flow and CBF (5-10), with a range of conclusions. Few previous studies have assessed the relationships between hemodynamic parameters in neonates and EEG (11, 12) in preterm neonates in the first 48 h of life. A study by West et al. (12) , which assessed the relationships between RVO, SVC flow, BP, aEEG amplitude, and EEG continuity in the first 48 h of life in 40 infants born at <31 wk gestation, found similar associations between BP, RVO, and aEEG amplitude at 12 h, with only limited associations beyond 12 h. In the study by West et al., SVC flow was not associated with aEEG parameters. Median SVC flows at 12 h reported in the study by West et al. were higher than in our study and may reflect a more mature cohort or fewer critically ill neonates.
A study by Victor et al. (11) , which assessed 40 preterm infants born at <30 wk gestation in the first 4 d of life, did not identify any statistically significant relationship between leftventricular output, RVO, or BP with cerebral electrical activity (measured using digital EEG) or cerebral fraction oxygen extraction. Qualitative assessment of the EEG was normal in all infants with BP >30 mmHg, even when cardiac output (leftventricular output and RVO) was low. However, four neonates with critically low BP (mean BP <23 mmHg) had qualitatively abnormal EEG records, with suppression or prolonged discontinuity of the EEG consistent with a similar finding in our study of decreased minimum aEEG amplitude associated with low SVC flow.
Despite the association between hemodynamic variables and CBF or EEG reported by some researchers, studies providing treatment to increase BP or systemic blood flow, including albumin infusion (7, 10) , closure of patent ductus arteriosus, (22) or treatment with inotropes (7) have failed to show an effect of increasing hemodynamic output on CBF or EEG activity. These findings may be due to two separate mechanisms. In neonates with normal BP and cardiac output before treatment it has been hypothesized that the lack of change in the EEG is related to intact autoregulation (9) , whereas in neonates who are unwell with hypotension or poor cardiac output before treatment it is hypothesized that the lack of improvement in the EEG is related to poor reversibility of neural dysfunction (10) .
Our study showed associations between the use of inotropes at 12 h and persistently decreased aEEG amplitude and EEG continuity in the first 48 h of life, even in those infants in whom cardiovascular measures had improved into the normal range. Although we cannot exclude a direct effect of inotropes on CBF or neuronal activity, we considered the use of inotropes to be a marker for neonates who have experienced an earlier period of poor perfusion, which in turn may have been associated with hypoxic/ischemic injury and/or impairment of autoregulation. Infants treated with inotropes who had persistently abnormal cardiovascular parameters were found to have more severe depression of the aEEG amplitude and EEG continuity, consistent with a more prolonged period of low perfusion. However, even those whose hemodynamic parameters (SVC flow, RVO, and BP) had normalized after treatment with inotropes had depression of aEEG amplitude and EEG continuity as compared with neonates who had not required inotrope treatment before 12 h of life, indicating that aEEG activity in the first 48 h of life may be more strongly associated with earlier ischemic insults than with contemporaneous hemodynamic parameters.
Strengths and Limitations
This study is the largest cohort to date to provide detailed cardiovascular and aEEG outcomes in extremely premature neonates in the first 48 h of life. The use of SVC flow as a measure of upper-body perfusion provides an indirect measure of cerebral perfusion, which is less influenced by cardiac shunts than RVO or left-ventricular output measures.
Limitations of this study include lack of direct measurement of CBF. In future studies, use of cerebral Doppler flows or nearinfrared spectroscopy may provide a clearer understanding of the relationship between CBF and aEEG. Measurement of CO 2 levels and other factors known to reduce CBF would also have enhanced this study.
Conclusion
aEEG amplitude at 12 h is significantly associated with SVC flow in extremely premature neonates after adjusting for GA and severity of illness markers. This association was no longer present at 24 or 48 h.
Neonates treated with inotropes at 12 h for clinical management of low BP or poor perfusion had persistently decreased aEEG amplitude and EEG continuity in the first 48 h of life, including in those for whom cardiovascular measures had normalized. 
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Articles Shah et al. aEEG Two-channel aEEG traces were recorded continuously from 10 to 48 h of life with the Brainz Instruments BRM2 monitor (Brainz Instruments, Auckland, New Zealand), using hydrogel electrodes, with standard electrode placement at the C3, P3, C4, and P4 regions (International 10-20 system). The transformation of the EEG signal into the amplitude-integrated trace has been described elsewhere (23, 24) . The EEG signal is filtered, rectified, and amplitude-integrated. The final result is plotted on a semi-logarithmic scale (linear 0-10 μV, logarithmic 10-100 µV) display of the peak-to-peak amplitude values of EEG, to emphasize the lower voltage activity. The bandwidth of the aEEG reflects variation in minimum and maximum amplitudes. The aEEG tracing is viewed on a highly compressed time scale, a rate of 6 cm/h. A full minute of EEG is represented by only a single millimeter of aEEG display. Analysis is performed using specific computer software to obtain quantitative measures. All aEEG recordings were obtained by two investigators (M.P. and D.S.). These recordings were analyzed for three 2-h epochs at 12-14 h, 24-26 h, and 46-48 h. Data were analyzed when there was at least 60 min of satisfactory recording within the 2-h epoch, with impedance <10 kOhm per electrode pair. Cross-cerebral P3-P4 aEEG recordings were analyzed to provide comparison with singlechannel aEEG monitors such as the cerebral function monitor, as these measures were functionally equivalent to the cerebral function monitor (25) .
METHODS

Subjects
Quantitative analysis of the aEEG. Quantitative measurements of cross-cerebral P3-P4 recordings were analyzed off-line using the Brainz Analyze Research version 1.5 software (Brainz Instruments) by a blinded observer (J.R.B.) after completion of all cardiovascular measurements. The Brainz Analyze software exports the raw data and calculates 1-min average values for the maximum, minimum, and mean amplitudes of the aEEG traces. The aEEG data were assessed every 2 s, then averaged, and recorded at 1-min intervals (24) . EEG continuity. Quantitative EEG continuity measures were determined for each 2-h epoch as the percentage of time during which the amplitude of the raw EEG was above a predetermined threshold (10, 25 , and 50 μV) (24) . aEEG amplitude. The mean ± SD of the maximum, mean, and minimum aEEG amplitude was calculated for each 2-h epoch.
BP
BP monitoring was performed using a Nova-dome pressure transducer (Micromed, Woking, UK) attached to an indwelling arterial catheter. Noninvasive BP was measured by oscillometry (GE Healthcare, Waukesha, WI) measured hourly by automatic recording. Low BP was defined as a mean BP recording <25 mmHg.
Cardiac Output
An Acuson 128/XP Aspen (Acuson, Mountain View, CA) or GE Vivid 7 (GE Healthcare, Horton, Norway) ultrasound scanner was used with a 7 MHz vector array transducer incorporating color and pulsed-wave Doppler. Echocardiographic ultrasound was performed at 12, 24, and 48 h of age (± 2 h) by the researchers (M.P. and D.S.) before any aEEG analysis. Structural normality of the heart was established at initial scan. Hemodynamic parameters measured by echocardiogram were SVC flow, RVO, and patent ductus arteriosus diameter (15) . The techniques and methods for SVC flow and RVO have been described previously (13, 26) . Low SVC flow was defined as an SVC flow ≤45 ml/kg/min (14) , and low RVO was defined as an RVO ≤120 ml/kg/min (21) . Neonates with low BP (mean BP <25 mmHg), low SVC flow, or low RVO were considered to have abnormal cardiovascular hemodynamics.
Statistical Analysis
Statistical analysis was performed using SPSS Statistics 19.0 (SPSS, Chicago, IL). Pearson's correlation coefficient was used to measure the strength of the linear relationships between various hemodynamic and aEEG parameters. Univariate regression analysis was used to determine additional perinatal and clinical factors significantly related to aEEG parameters. Multiple regression analysis was used to control for the effect of GA and other significant clinical factors (P < 0.05 on univariate analysis) on the relationship between hemodynamic and aEEG parameters. The Mann-Whitney U-test for ANOVA between independent nonparametric samples was used to compare aEEG and EEG values for infants with normal or low cardiovascular parameters. The Friedman two-way ANOVA by ranks for related nonparametric samples was used to assess changes in aEEG and EEG measures over time. A P value of <0.05 was considered to be significant.
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